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ABSTRACT

There is apt to be much uncertainty in any program of planetary explora-
tion. This uncertainty leads naturally to possible uncertainty in the time
period in which planetary quarantine is desirable and to possible uncertainty
in the total number of missions to be launched in the vicinity of any given
planet.

A model is developed in this report which makes possible the derivation
of mission non-contamination requirements without a priori knowledge of either
the time period in which planetary quarantine is to be observed or the total
number of missions to be used in exploring the planet in question.
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I - Introduction

The use of mathematical models in the development and analysis of a
program is described in [1] and [2]. It is argued in these documents that:
(i) modeling is useful in relating primary program objectives to actions
designed to achieve them with an acceptable associated penalty,
and
(ii) modeling is useful in determining reasonable specific primary
objectives.
A possible means of accomplishing this in the planetary quarantine program
is discussed. In order to relate objectives to actions, an objective hierarchy

is constructed in which the objectives at the kth

level are analyzed in terms
of the "significant factors" affecting their achievement, and the objectives
are then related to these significant factors using mathematical models. The
kth level objectives are then translated into (k+1)St level objectives involving
the model parameters representing the significant factors. This process is
continued until objectives which are directly physically realizable are
obtained. The selection of both the significant factors and models is largely
a matter of judgement.

It is the purpose of this paper to discuss:

(1) the nature of planetary quarantine primary (ISt level) objectives,

(2) the significant factors affecting the achievement of planetary

quarantine primary objectives, and
(3) a sequential decision model for relating these significant factors

to the primary objectives.

Generally speaking, the conclusions to be drawn are these:



In attempting to develop a national program upon which action may
be based, non-contamination objectives should not be considered
exclusive of other national objectives related to space exploration.
There are many sources of uncertainty in any space exploration
program, and these will influence the attainment of the planetary
quarantine objectives.

The sequential decision model presented here seems to be capable

of allowing these uncertainties to be considered in a planetary

quarantine program.




II - Planetary Quarantine Objectives

A. Background and Non-Contamination Objectives

The National Academy of Sciences in 1958 recognized the possibility
that, with the advent of space exploration, extraterrestrial bodies might
become contaminated with 1living terrestrial organisms. The Academy expressed
a concern over the possible detrimental consequences of such an occurrence [3 ].
An ad hoc committee, the Committee on Contamination by Extraterrestrial
Exploration (CETEX), was formed by the International Council of Scientific
Unions (ICSU) in 1958 to study this potential problem [3 ]. In its short
life-time (1958-1959), this committee recognized two principles pertinent to
the discussion here. The first was that certain knowledge that a planet was
not contaminated was, in all likelihood, possible only if that planet was
avoided by space vehic]esf The second was that exploration of planets would
take place, and that the nations involved in such exploration would determine
their own time schedules for this exp]orationf The committee expressed
concern that the time in which to find an acceptable solution to the contamina-
tion problem was short, and felt that some immediate action was necessary [4 ].
Accordingly, the problem was referred to a permanent committee, the Committee
on Space Research (COSPAR), of the ICSU.

COSPAR, acknowledging the uncertainty in knowledge about the contamination
of extraterrestrial bodies recognized by CETEX states ([ 6], 1966):

It is suggested, therefore, that the basic probability of
1 x 10-3 that a planet will be contaminated during the period of
biological exploration continues to be accepted as the quiding criterion
for the exploration of Mars, or other planets deemed important for the
investigation of extra-terrestrial life or precursors or remnants
thereof.

*
A liberal interpretation of the CETEX reports [4] and [5].



As yet, there appears to be no specific national objective of non-
contamination except general concurrence with that of COSPAR which specifies
an objective that must be “shared" by all nations.

The general intent of the COSPAR objective seems reasonable, so that
it is assumed in this document that the national primary objective for non-
contamination is of the form:

OBJECTIVE 1. The probability that any planet deemed important for

study of extraterrestrial life, or precursors or remnants thereof,

-~

be contaminated during the next T years shall not exceed (1 - PN C ).

The term ﬁN.C.’ in this context, represents the minimum acceptable probability
of not contaminating the planet in question during the allotted time period,
T. The word "contamination” and the parameters T and aN.C. are considered

to be variables (see [1 1) for any specification of a planet, and, of course,
the importance of any planet in the study of extraterrestrial life is a
matter for decision. The phrase "planets deemed important.." has been
retained from the COSPAR statement. This tacitly excludes the natural
satellites of the planets of our solar system and excludes consideration of
contaminating meteoroids which might later impact Earth and falsely imply

the existence of extraterrestrial life. Whether this is reasonable or not is

certainly a matter of opinion.

B. Other Planetary Quarantine Objectives

It is generally recognized that the achievement of Objective 1 for
certain specific values of ﬁN C would involve an unreasonable or impossible

cost. Recently, there has been an indication of Congressional concern about
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this possibility { 7]. On the other hand, P should be large enough to

N.C.
insure some meaningfulness from the scientific standpoint. Thus, there is
another planetary quarantine objective:

OBJECTIVE 2. The objective of non-contamination (Objective 1)

should be attained in such a manner that the penalty associated with

its achievement is acceptable nationally.

In effect, this implies that specifics for the variables in Objective 1 should
be chosen so that the cost of attainment is acceptable and the scientific
penalty is also acceptable.

There is at least one other type of objective that should be considered
in studying planetary quarantine. This is the time constraint imposed upon
planetary quarantine activities by flight project activities. Current Voyager
project plans call for a Mars landing in 1973 [ 8] and, of course, flyby
missions have already been launched. This leads to a general objective
statement of the form:

OBJECTIVE 3. Means for achieving Objective 1 should be known

before the year Y.



III - Other National Objectives Influencing Planetary Quarantine Objectives

A. Reasons for Planetary Quarantine

The statement of a non-contamination objective such as Objective 1
implies the belief that such an objective is needed. For purposes here,
such an objective is assumed desirable based on arquments of three types:
political, humanistic, and scientific (e.g., [3], [9]). Since
the validity of arguments of the first two types is primarily a subjective
matter, the emphasis in this document will be upon the scientific need for

planetary quarantine.

B. Scientific Objectives

‘Exploration tends to imply the desire for information. It will be
assumed that at any given time the information which seems most relevant,
needed and obtainable is being sought, and it will be further assumed that
relevancy and need are functions of the knowledge possessed about the subjects
being investigated.

Currently, information about the possible existence of extraterrestrial
life (or its precursors or remnants) is desired, and, because of this, the
need for planetary quarantine has been expressed. Briefly, the argument is
that terrestrial contamination might destroy ,alter,or make impossible the
detection of extraterrestrial life forms if they exist or falsely imply
their existence if they do not. Thus, the desire for planetary quarantine
is dependent upon the desire for biological information, and the latter is
part of the overall desire for scientific information about the solar system.
This implies that general scientific space exploration objectives will

influence the nature of the planetary quarantine program.



There are several items related to space exploration which seem relevant

to any consideration of planetary quarantine. These are:

(a) the current concept of obtaining information involves space probes
designed to perform scientific experiments on or near the planets
of our solar system,

(b) that part of the scientific exploration period in which biological
experimentation is to be performed provides a lower bound for T
(see Objective 1),

(c) scientific objectives should help to determine the meaning of

~

“contamination" and reasonable values of PN.C.’
(d) the exact nature of any exploration program is uncertain because
of the uncertainties in:
- scientific information desired as a function of time

- performance of spacecraft and experiments

- knowledge about the planets being explored.



IV - Significant Factors Associated with the Non-Contamination Objective

A. Factors Influencing the Meaning of "Contamination"

The word "contamination", as it appears in Objective 1, is considered
to be undefined. There are at least three factors which influence any specifica-
tion of its meaning.

These are:

(1) The scientific desire for non-contamination. There is much dis-

agreement in the scientific community about the appropriate defini-
tion of contamination. Concern ranges from bacterial contamination
only to various types of chemical contamination (see [3], [10]

and [11]). Any choice is, at best, a guess since the type of
information desired, and thus possibly influenced by contamination,
is very likely unknown (Section III.B.).

(2) Current technical capabilities. At present, for example, it seems

impossible to predict, even statistically, whether viruses are
present on a lander capsule prior to its launch. This inability
stems primarily from a lack of suitable means for measuring the
viral burden of spacecraft surfaces. Inclusion of viruses in the
definition of "contamination" would, therefore, seem impractical
now.

(3) Possible penalties. Penalties are of two basic types. There may

be a scientific information loss if "contamination" is not adequately
defined, and the dollar cost for planetary quarantine may prove
exhorbitant for some definitions of the word "contamination".

It will be assumed that the word “contamination” is undefined for purposes

of this document. However, it will be assumed that, whatever its definition,



it is a binary proposition. That is, either a planet is contaminated in a
specified time period, or it is not. It is also assumed that uncertainty in
the measurement or knowledge about the state of contamination is possible

and that reference to the "probability of contamination" is appropriate.

B. Factors Influencing the Value of T

The time period, T, in which Objective 1 is to be observed is influenc

by at least four factors. These are:

(1) The nature of the exploration program. The sequencing of all experi-

mentation in the exploration program has a direct bearing on the
time period in which biological experimentation is to be performed.

(2) The uncertainties in exploration. The uncertainties listed in

Section III.B. lead to uncertainties in desired biological information
experiments and,hence, time needed for their performance. The
uncertainties in total scientific information desired may have the
same effect on T.

(3) Technical capabilities. For example, manned landing on a planet

may preclude the attainment of Objective 1. If this is so, then
the time period T should include no manned landings. The knowledge
of manned landing dates is likely another uncertainty.

(4) Scientific penalties. If T is chosen too short, and an adequate

planetary quarantine cannot be maintained for a scientifically
desired time, the possibility exists that the risk of information

loss is greater than that which is scientifically desirable.



Because of the implied uncertainty in T and the risk associated with estimat

it will be assumed that T is unknown. In essence, this requires that some

means of attaining Objective 1 be found which admits an unknown T.

C. Significant Factors Associated with ﬁN C

If the desired time period, T, of planetary quarantine were known
for a given planet, and if the total number of spacecraft, n(T), to
be used in exploration of that planet were also known, then ﬁN.C. could
be expressed in terms of n(T) and ﬁc(n(T)), the maximum acceptable probability
of contamination from any of the n(T) spacecraft. A simple model doing this
is:

Py c. = [1 - Beta(m (™),

It is thus reasonable to suppose that n(T) and ﬁc(n(T)) are related to
significant factors influencing the attainment of Objective 1. Thus, there
are at least four factors which are associated with P

N.C.
(1) The time period T. This is assumed to be unknown (Section IV.B.).

(2) The total number of spacecraft, n(T), used in exploration of the

planet.

(3) The maximum acceptable probability of contamination, ﬁc(n(T)), from

any one of the n(T) spacecraft.

(4) The uncertainties. These arise in T (Section IV.B.). Also, n(T)

is uncertain because of the uncertainties ir

10



- the time period T,

- the scientific information desired as a function of time,
- performance of spacecraft and experiments,

-  knowledge about the planet being investigated.

Independent of its dependence upon n(T), P 1is influenced by

C
uncertainties in:

~  the proper definition of the word "contamination”,

- scientifically desirable values for ﬁN C

-  knowledge about the planet under investigation.

D. Summary of Significant Factors

On the basis of the above discussion, the following assumptions
will be made.

(1) The word “contamination" is undefined. It is a binary proposition,
knowledge or measurement of which is uncertain. The definition of
“contamination" may vary with time as a function of knowledge gained.

(2) The time period, T, in which the non-contamination objective
(Objective 1) is applicable, is unknown.

(3) The probability ﬁN.C. may be a function of time due to the scientific
uncertainties about the definition of "contamination".

The factors which influence the attainment of Objective 1 are assumed to

be:

(1) The total number of spacecraft, n(T), to be launched in the vicinity
of the planet in question.

(2) The maximum acceptable probability of contamination, ﬁc(N(T)),

for any of the n(T) spacecraft.

n



(3)
(4)

(5)
(6)

The uncertainty in T.

The uncertainty in scientific information desired as a function of
time

The uncertainty in the performance of spacecraft and experiments.

The uncertainty about the planet under investigation.

12




V - A Sequential Decision Model for Planetary Quarantine

The objective of this section is to relate Ojbective 1 to the factors
which have been assumed significant to its attainment in such a fashion that
the relationship derived is consistent with the assumptions made in the previous

section.

The simple model

-~

Py ¢ = [1 = Pe(n(m)1"(D

was used in the preceeding section to illustrate the dependence of ﬁN.C.’
the minimum acceptable probability of not contaminating the planet in question
during the allotted time period T, upon n(T), the total number of missions to
be launched in the vicinity of the planet during the period T, and upon
5C(n(T)), the maximum acceptable probability of contamination of the planet
from each of the n(T) missions. This model also demonstrates that individual
mission criteria may be derived from Objective 1 even though the notion of
contamination is not well-defined. This is done by translating proqgram
"contamination" requirements into mission "contamination" requirements in such
a fashion that the word “contamination", whatever its meaning, is used in the
same sense in both cases. Operationally, of course, assumptions regarding the
meaning of the word contamination must be made, and it was assumed (Section IV.D
that such a definition may change with time.

Because of the assumption that "contamination" is undefined, one of the

goals in the development of the model presented here was that this ability of

13




the above model to translate program "contamination" requirements into
mission “contamination" requirements, independent of the definition of
“contamination", should be retained. The approach taken was to retain terms
similar to ﬁc(h(T)); a sligntly different form being necessitated by the
lack of knowledge about T and n(T).

Recall that the parameter T was assumed to be unknown (Section IV.D.).
This and the other uncertainties listed in the previous section (Section
IV.D.) lead to a possible gross uncertainty in n(T), the total number
of missions to be sent to the vicinity of the planet in question in the
time period T. It is this uncertainty which makes the model above unsuitable
in practice. In view of the uncertainty in n(T), it was deemed desirable
to develop a model which would yield a mission-oriented requirement such
as ﬁc(n(T)) and which would, at the same time, be operationally less
dependent on the total number of missions to be launched.

In attempting this, it was observed that there seems to be a willingness
on the part of responsible parties to make estimates of the total number of
missions to be launched toward Mars in the next 20 years. Thus, suppose
that N] represents an estimate of the total number of missions to be
launched in the vicinity of some planet for which Objective 1 is deemed
appropriate. Then, if no more than N] missions are launched, the model

- - N]

Pr.c. = (1= Py) (M
yields a requirement on the probability of contamination, P], for each of
the N] missions, namely,

Py <Py

14



That is, if no more than N] missions are launched, and if P 5_51 for each

1
mission launched, then the probability that the planet is not contaminated

during the exploration program, denoted PN c. satisfies the inequality

P _>_l3

N.C. N.C.

which, in essence, represents the attainment of Objective 1.

Now, suppose that after M1 of the oriqinally estimated N] missions are
launched (with M] strictly less than N]), it is decided that the original
estimate, N], is incorrect. This means that, instead of launchina the re-
maining N]-M] missions, there will now be an estimate of N2 further missions
to be launched. Each of these N2 missions will need to satisfy a contamination
requirement different from the one satisfied by the first M] missions. This

new requirement may be derived from the relation

(2)

That is, 5] defines a requirement (presumably already achieved) on the first
M] missions that have been Taunched, and a new requirement on PZ’ the probability

of contamination for any of the remaining N2 missions, 1S generated; namely

i A
>

Notice that 52 is the only unknown appearing in equation (2) (assuminqg ﬁN c.

N],Nz, M] are given) and thus, 52 may be obtained when M] < N], as assumed.

15



If, then, P2 5_§2 for each of the remaining N2 missions and P] 5_51 for the M]
missions already launched, one again has PN.C. 3-§N.C.; implying the attain-
ment of Objective 1.

Proceeding in this spirit, again suppose that after M2 of the newly
estimated additional N2 missions have been launched (again M2 < N2), it is
decided that the estimate N2 is incorrect. Instead, it is estimated that N3
additional missions will be needed. This makes the estimated total number of
missions equal to M1 + M2 + N2 with M] + M2 having been launched and N3
additional missions estimated. Then a new requirement on the probability of
contamination, P3, for any of these remaining N3 missions may be derived from:

M M N
-~ _ ~ . 'l ~ 2 -~ 3.
PN.C‘ - (] - P]) (] = PZ) (] - P3) ) (3)

namely,

This is possible since ﬁ] and 52 are known from solving equations (1) and (2),
in that order. Note that if M] < N] and M2 < N2, it is always possible to solve
equation (3) for 53.

With this background, we define:

N] to be the first estimate of the total number of missions to be

launched in the vicinity of the planet in question,

to be the number of these N] missions launched prior to a reestimation

of the total number .of missions required,

16



M]+N2 to be the second estimate of the total number of missions to be

launched in the vicinity of the planet in question,

M]+M2 to be the number of these M]-+N2 missions launched prior to a third

estimate of the number of missions required,

and generally,

k-1
( T M.) + Nk to be the kth estimate of the total number of missions to be

J
3=1 launched in the vicinity of the planet in question, and

k-1
( b Mj) + Mk to be the number of these missions launched prior to the
j=1

(k+1)st estimate of the number of missions required.

-~

Further, Pk is defined to be the maximum acceptable probability of contaminatio

h

from any of the last Nk missions needed to fulfill the kt estimate of the tota

number of missions required.

The model, then, is sequential in character:

~ a

P] is obtained from equation (1), and generally, if ﬁ]’ 52, cees Pk-l are

known, then ﬁk is obtained by solving

N p
k _ N.C.
A P (4)
m(-p)?Y
3= )

(1-P

k

Let Péi) denote the probability of contamination of the planet in question

th

from the i mission. Then, if

17



and 1 < j < k, and

k-1
z

Péi) < i;k’ for
s=1

Mg < < N
then PN c.? the probability of not contaminating the planet in question during

its biological exploration, will satisfy the inequality

which represents the achievement of Objective 1. This statement assumes that
the kth estimate of the number of missions required is the final estimate.

One factor yet to be included in the model is the possible dependence
of ﬁN.C. upon time (Section IV.D.). This factor is introduced by assuming
that ﬁN.C. may be changed only when a reestimate of the needed number of missions
is undertaken. Such an assumption may be made without any loss of generality
since a change in 5N.C. can always be accompanied by a "no change” reestimation

of the total number of missions required. Thus, in equation (4), ﬁN C is

replaced by the kth estimate of ﬁN.C.’ denoted Pﬁ%%.. The kth mission-oriented

N

requirement, Pk, is then obtained from the expression

N p{
2 My _ N.
(1= P " =5

. (5)

18



for k > 1, and ﬁ] is obtained from equation (1) as before. In this form,
the existence of a nonzero solution for ﬁk depends upon the magnitude of
P&%C.‘ That is, there is a nonzero solution for ﬁk if and only if the right
hand side of equation (5) is less than 1 (see the Appendix).

It should also be remarked that it may be desirable to treat Nj as a

sum of numbers "ij’ i=1, 2y cony rj, where the division into rj numbers

is associated with a desire to distinguish between certain "classes" of missions.

The dependence of the index, r, upon the estimate number, j, is included to
provide for the possibility that the notion of “"classes” may change with time.
For example, the division may refer to "sterilized" and “unstefi]ized" or to
"1ander“, “flyby" and "orbiter" missions. In this case, equation (5) is replaced

by

r (k)
k. -~ N p
.H (-I - pi ) 1k N.Cc

- : 6
i=1 k k-1 rJ N m,ij ( )
n n (- Pi')
j=1 Li=1 J

where ﬁij is the maximum acceptable probability of contamination of the planet

th

from any mission of the i~ class desired additionally after the jth estimate

of the total number of missions, in that class, required. Here,

and mij is the number of the "ij estimated missions actually launched prior

to the (j+1)st estimate of the total number of missions required in each

of the rj+] classes.

19



Initially, in such an approach, equation 1 is replaced by

1 . n.
(- )nﬂ = p{l) (7

Notice that the use of a model based on equations (6) and (7) does not lead

to unique solutions for the ﬁik when e > 1. This may or may not be a dis-

advantage depending upon the choice of classes to be considered (see the Appendix)
Depending upon the approach chosen, equations (1) and (5) or equations

(6) and (7) yield a model which provides a sequential means of deriving mission

planetary quarantine requirements from Objective 1. At the same time,

no a priori specification of the time period, T, or the total number of missions,

n(T) is required. In fact, no a posteriori knowledge of T is needed if one

is willing to admit the possibility of imposing planetary quarantine requirements

upon missions for which they are unnecessary.



VI - Discussion of the Model

A. The Ratio P /P, |

The remarks in this section will be directed primarily toward the
model defined by equations (1) and (5) of the previous section with the
assumption that Pé%%' is a constant as k varies, A discussion of the more
general model given by equations (6) and (7) may be found in the Appendix.

If it is assumed that the reestimates, Nk,are always such that additional

missions are added to the total, i.e.,

then P <P

Thus, the non-contamination criteria for missions continually become more
stringent. This is examined mathematically in the Appendix.

The usefulness of such a model is rather obviously dependent upon the
nature of the change in ﬁkas a function of k. For example, if 51 z 10'5,
the implied mission requirement appears to be an attainable goal [109]. But, if

-~ - _GA
P2 10 " P

1° the second requirement defined by 52 would appear to be
unreasonable [10]. Hence, it would seem desirable to know something about

the ratio ﬁk/ﬁk-l as k increases.

21



It is shown in the Appendix that

>

koL M T M
Pe-1

(8)

(k (k-1)
N.C. ~ "N.C.

approximation (8) is quite accurate. The data in TABLES 1 and 2 is based upon

when P =P . The "exact" calculations presented below indicate that

the assumption that Pﬁkz = 0.999 for all k involved. See Page 3.

Again supposing the worst situation, that is, Nk > Nk-] - Mk-]’ it
seems desirable that the ratio ﬁk/ﬁk-l be as large as possible since
ﬁk < ﬁk-] (see the Appendix). With this in mind, two general conclusions
may be dfawn from approximation (8). The first is that if Ny is very nearly
equal to (Nk-] - Mk-1) then ﬁk/ﬁk-] will be nearly equal to one. Thus
the desire for as little change as possible in mission requirements implies
a desire for accurate estimation,at each stage, of the total number of missions
required. This is essentially an observation about the desired nature of Nk'

th

The second conclusion regards Mk-]‘ Suppose that the k= estimation had

been made when fewer than M1 missions had been launched, but that the

th

total number of missions estimated at the k= stage remained the same. Then

kth estimation may be represented as

the new number launched prior to the
(Mk-l - v) and the new estimate as (Nk + v) where v > 0. In this case,

the kth requirement, ﬁk’ is replaced by ﬁk(v). Using estimation (8),

PV Mg - My - W)

o ' N, +v
Pr-1 k™
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0>

O

1 1 2 1 2
10 8 5 1 x107° 3.99 x 1077

10 1x 1074 2.00 x 107°

20 1 x 107° 9.98 x 1076
15 12 5  6.67 x 107° 3.99 x 107°

10 6.67 x 107° 2.00 x 107°

20 6.67 x 107° 9.98 x 1070
20 10 15  5.00 x 107° 3.33 x 107°

20 5.00 x 107° 2.50 x 1072

30 5.00 x 1072 1.67 x 1072

15 10 5.00 x 107° 2.50 x 107°

15 5.00 x 107° 1.66 x 107°

20 5.00 x 107° 1.25 x 107°

30 5.00 x 107° 8.32 x 1070
30 25 10 3.33x107° 1.66 x 107°

20 3.33x107° 8.31 x 107°

30 3.33x107° 5.54 x 1070

TABLE 1 - Two Stage Decisions

N, M, Ny, M, Ny P Py ﬁ3
10 5 10 10 1.00 x10°  5.00x107%  2.50 x 10
10 8 10 10 1.00 x107% 2,00 x107° 1.00 x 107
15 10 10 10 6.67x107°  3.33x107°  1.67 x 107
20 15 20 15 5.00 x 107°  1.25 x 107°  3.13 x 10°
20 10 15 10 15 5.00x107°  3.33x107°  1.11 x 107
30 25 10 5 10  3.33x107°  1.66 x 107 8.34 x 10

TABLE 2 - Three Stage Decisions
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It can be shown that

P.(v) P (v-1) N, - M
WY Tk if k-lN k=l .
Pe-1 P k

Here v is assumed to be greater than zero. But since ﬁk/ﬁk-l <1, it is
desirable to choose v so that ﬁk(v)/ﬁk_] is maximal, and this clearly

occurs when v is chosen as large as possible. Thus, in order that the

mission requirements be no more demanding than necessary, the decision
stages should occur as early as possible after it is recognized that an
increase in the number of missions is needed.

As an example, assume that (Nk-] - Mk-l)/Nk < 1 for all k,and that the
time for the k™ decision was chosen "early" so that (Ne_y - M)/N = %-.

Then approximation (8) allows one to conclude that

- 'I ~
Pz —= P,
k 2k-1 1
Hence, in particular,

- zl.
P "2 P

~. glo\
P3 7P

p. 1P and

4§ 81

Ps “ 16 Py»
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so that four decisions were possible without changing the original criterion,
51, by a factor of 10. Assuming this might be a reasonable criterion for
"attainability", it is possible, under the assumed conditions, to continue
to derive "attainable" criteria through at least four decision stages.
Similar types of behavior were exhibited in TABLE 2 earlier.

Thus the mission criteria become more demanding with time when
re-estimation constantly indicates a need for greater numbers of missions.

However, if the estimates are made "reasonably” early and are not too

great with respect to the unlaunched remainder of the previously estimated
number of missions, the model seems to provide a reasonable means of
deriving mission criteria for the newly estimated number to be launched.
If, at any stage, the newly estimated total number of missions is
less than the previous total number estimated, one has a choice. The
associated lessening of the stringency of mission requirements may be
adopted, or one may continue to use the previous requirement. The latter
choice might be desirable if the previous requirement was still acceptable
and there was concern over possible future increases in the number of
missions required (even though such an occurrence was not being contemplated).
The more general model represented by equations (6) and (7) of the
previous section has not been discussed primarily for two reasons: the
possibility that solutions may not exist if Pé%éovaries and, more importantly,
the non-uniqueness of solutions. It is safe to assert that if the kth
estimate results in an increase in the number, LFT of missions required
and Pﬁ%%{P&%ET) > 1, then at least one of the ratios, ﬁik/ﬁik-l must be less

than one. It is also true that the ratio aik/ﬁik-l is quite sensitive to
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changes in PN.C. when ﬁik-] is small. This is discussed further in the

Appendi x.

B. Possible Compensating Factors

There are at least three factors which may help to compensate

for the decrease in mission requirements, Pk,\with increasing k (again

assuming a tendency toward increased numbers of missions). These will now

be discussed.

1. Use of Estimates for ﬁk

In the actual use of the model shown as equations (1) and (5),

with ﬁN C independent of k, it is possible to use the estimates
» . . R M .
of actual contamination in the expressions (1 - Pi) 1. That is, the

a posteriori probabilities of contamination for missions launched in

h

the jt stage may be known as a result of measurements taken after to

-~ M
their launch. Thus, (1 - Pi) 1 may be replaced by an expression of the

form

~

where, it is assumed that ﬁij 5-Pi’ The 5ij are the estimated
a posteriori probabilities of planetary contamination. If any ﬁij is
strictly less than Pi’ then there will be a less stringent mission

requirement in the next stage. Using this approach, the model becomes
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.~ N
(1 - P]) L P&T%., and for k > 1 )
N p{K)
(-I P k = N-C- > (9)

Using this model, one may take advantage of the fact that missions
may exceed the planetary quarantine requirements to compensate for
the theoretical decrease in ﬁk‘ The same may be done, of course, with the

more general model given by equation (6) and (7).

2. Change in Technical Capabilities

In the course of time, it is not unreasonable to suppose
that changes in technical capabilities would make possible the
achievement of more demanding planetary quarantine mission requirements.
However, compensation for decreasing ﬁk from technological change
tends to imply a continuing commitment to research in the areas where
possible benefit may be derived.

3. Decrease in the Probability of Bias

In [12], the probability of contamination of a planet from
a spacecraft was related to the probability that contamination, if
deposited on the planet, would "bias" future experimentation. This
was, in essence, an analysis of ﬁk solely from the point of view of
achieving scientific objectives. Roughly speaking, 5k is linearly

dependent upon this probability of "biasing" future experimentation.

Thus, if information gained as a result of experimentation indicates
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that deposited contamination is less likely to "bias" further experi-
mentation than was originally assumed, one may need to take no additional

action to achieve more demanding planetary quarantine requirements.

C. Relationship to Objectives Two and Three

The sequential decision model developed here seems to allow for
the uncertainty in space exploration programs, and include those other factors
which were considered significant in Section IV. Thus, it may be useful
in helping to derive values for ﬁN.C. which are acceptable from a penalty

point of view (see [ 1] or [ 2]) as well as deriving mission requirements,

Pk’ from fixed values of PN.C.' Therefore it is possible that this model
represents a first step toward the attainment of Objective 2 (Section II).

Because only an estimate of the total number of missions required is needed
initially, less information about the exploration program is required a priori.
This need for less information should aid in the attainment of planetary

quarantine Objective 3 (Section II).

D.  Comparisons with Other Models

The first planetary quarantine"requirements" model [13] attempted
to derive individual mission requirements and include the uncertainty
arising from the lack of knowledge about spacecraft and experimental per-
formance. In doing so, however, it assumed that

- the probability of mission success did not vary appreciably from
mission to mission,

- the total number of experiments to be performed was known, and

- infinitely many missions may be necessary due to the uncertainty

in spacecraft performance.
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The second of these assumptions implies that little consideration was
given, in the model, to uncertainties arising from the lack of knowledge
about the scientific information desired. The first assumption may present
no difficulty. The last assumption would allow a conservative mission
criterion to be derived if the same model with finitely many missions
assumed always led to a less stringent mission requirement. It was shown
in [12] that this did not occur.

A model presented in [14] attempted to correct the latter deficiency,
but did so by equating an expression derived in [13] under the assumption
of infinitely many flights with an expression derived on the basis of

finitely many flights. This was pointed out in [157.

The original model [13] was extended in [15] to include a means for
differentiating between "hard" and "soft" landings. Again the essential
features appearing in [13] were retained.

Finally, the model used in COSPAR discussions in 1966 is found in [16].
Essentially the same model appears in [17). This model assumes that an
upper bound for the total number of missions (divided into several "classes")
is known. This assumption implies the existence of some knowledge about the
time period T and the total number of missions required, n(T). The amount
of knowledge required depends upon the degree of realism desired in the upper
bounds. Recently [18], this model has been reinterpreted so that the numbers
and requirements relate, not to missions, but "sources of contamination".

The number of such sources depends, of course, upon the number of missions
so that, again, some a priori knowledge about the exploration program is
assumed. Furthermore, this model introduces the additional problem of

enumerating all the "sources of contamination" and then specifying some
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proportional "importance" to these sources due to the non-uniqueness of
solutions (for requirements for each source) inherent in the model. To
accomplish this latter in any optimal fashion would tend to imply much
knowledge about the sourees of contamination and its control at each source.
This type of information may ultimately be needed in any approach to planetary
quarantine, but its inclusion in models for possible international use now

may present some problems. Finally, "sources of contamination" seem more
likely to change with time than do "classes" of spacecraft, and the model

makes no allowance for this possibility.
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VII - Conclusion

In this document, the non-contamination objective of planetary quarantine
was assumed to be of the form:

OBJECTIVE 1. The probability that any planet deemed important for

study of extraterrestrial life, or precursors or remnants thereof,

~

be contaminated during the next T years shall not exceed (1 - PN.C.)'
Here ﬁN.C. represents the least acceptable probability that a planet under
consideration should not be contaminated in the time period T. The word “con-
tamination" and the parameters T and ﬁN.C. were considered variable.

It was assumed that the primary desire for a non-contamination objective
arises from scientific objectives. In examining scientific objectives, it
was found that there appears to be much uncertainty in space exploration
programs arising from uncertainties in:

- scientific information desired as a function of time

- performance of spacecraft and experiments

-  knowledge about the planets being explored.

It was observed that with complete knowledge about a space exploration
program, the time period, T, in Objective 1 could be determined. Also, it
would be possible to determine n(T), the total number of missions to be launched
in viginity of the planet in question during the period T. If these are known,
then it is possible to derive mission requirements from Objective 1 in a simple

fashion using the model

Pyc. = 01 - Peln(r) (M
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where ﬁc(n(T)) represents the maximal acceptable probability of contamination
from any of the n(T) missions.

The uncertainties occurring in space exploration make certain a priori
knowledge of T and n(T) unlikely however, and a model reflecting this
uncertainty seems desirable.

The sequential decision model presented in this document includes this
uncertainty by allowing estimates of n(T) to be made periodically. At the same
time, mission requirements may be derived from these estimates with the use of
the model. At any decision stage, these requirements are derived in such a
manner that Objective 1 will be attained if the requirements are satisfied

by each of the additional missions estimated.

Specifically, the model, in its simplest form is given by

N
Py ]-A
(1 - P]) = PN.C. and for k > 1
. N Px.c. |
(1-P) K=
k k-1 R Mi
I (1-P1.)
i=1
where
N1 is the first estimate of the total number of missions to be launched
in the vicinity of the planet in question
M] is the number of these N] missions launched prior to the second

estimate of the number of missions required,

and, in general, for k > 1
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h estimate of the total number of missions to be

I M.] +N is the kt
j=1 9 k
launched in the vicinity of the planet in question, and
k-1
( z Mj) + Mk is the number of these missions launched prior to the (k+1)st
J=1
estimate of the number of missions required.

PN

Further, Pk is defined to be the maximum acceptable probability of contamination
of the planet in question from any of the last Nk missions needed to fulfiil
the kth estimate of the total number of missions required.
In theory, this model:
- requires no a priori knowledge about T or n(T) or the meaning of
the word "contamination",
- but, makes use of any such knowledge available,
- can make use of a posteriori knowledge about mission requirements
fulfillment, and
- implies possible penalties for operation without knowledge (ﬁk
may decrease as a function of k, implying more demanding mission
requirements).
The aforementioned penalties are minimized by
- accurate prediction of the number of missions required, and
- early readjustment of mission numbers when the need for a change
is recognized.
These penalties may be compensated for by:

- the use of a posteriori mission knowledae

-  the improvement in contamination control technology, and

- improved knowledge about the planet being investigated.
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Of all the models now available, this appears to be the only one which
makes no a priori assumption about T and n(T). However, this sequential decision
model makes use of such information when it is available.

Two other possible planetary quakantine objectives were considered. These

were

OBJECTIVE 2. The objective of non-contamination (Objective 1)

should be attained in such a manner that the penalty associated with

its achievement is acceptable nationally.
and

OBJECTIVE 3. Means for achieving Objective 1 should be known before

the year Y.

The sequential decision model presented in this document may aid appre-
ciably in the achievement of Objective 3, due to the lack of need for precise
a priori knowledge about the exploration program. It may also provide a
foundation for studies aimed at the achievement of Objective 2 (see [ 1]
or [ 2]).

Thus, generally speaking, the sequential decision model developed in this
document seems to possess those attributes which were assumed desirable on
the basis of the nature of planetary quarantine objectives as they were

envisioned here.
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IX - Appendix

This appendix is devoted primarily to a mathematical examination of the
more general model presented in Section V. MNot all of the possible relation-
ships are thoroughly examined, the intent being only to examine those which
seem basic to an understanding of the model.

The model being examined is given by equations (6) and (7) of Section V,

viz.,

r
1 n.
5 il _ o(1)
IO =Py = Py (A1)
and, for k > 1,
rk ~ Mg ng%
I Q- ik) B r. (A2)
i=1 k-1 J A M
i (1-Py2) J
j=1li= J
Y‘J TJ-
Here, Nj =7 "ij and Mj = iﬁl mij'
i=]

The model represented by equations (1) and (5) of Section V is a special

case obtainable from this model by setting ry =Ty

COMMENT 1. The kth mission requirement defined by ﬁk may be derived from

knowledge of the (k-1)st stage only. Specifically,

r {k) r
k n. p k-1 W.
- M Pac. - ik-1
m (1-P,) === . n (1-P, ) (A3)
i=1 ik plkel) ™ i k-1
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J
W- 2
1 W

e =3

where w., 1 = Ny

; 1~ Mig-1- Also, wj =

i
To see this, one need only observe that the following equalities are

valid. From equation (A2),

r r (k)
k MU S LT PN.C.
n (1 - Pik) . Q- Pik-l) =
i=] i=] k-2 1" om..
mofon (1-Py.) 1J
j=1|i=1 J
(k) (k-1) (k) r, _
_ Paee, Pr.C. e ks k-1
(k-1) r. (k=1) .. ik-1 .
PN C k=2t "3 R mi. PN C i=]
omfn (e "o
j=1]i=1 J

The desired relationship follows immediately.

h

COMMENT 2. A kt stage solution, that is, values of ﬁik in the range

0 to 1, exists if and only if the right hand side of equation (A2) is
no greater than one.

This is rather obvious. If a solution exists, then the right hand
side must not exceed one since the left hand side does not (assuming,

of course, that n, > 0). Conversely, if

rk . )
n (1- P,
i=1 ik

n.
ik . 1 then

each of the terms in the product must also equal one (each being less

-

than or equal to 1). Hence, each Pik = 0 is a solution. If
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k s Mk
-iI_-I] (]-Pik) =1-c¢
. . N .
with ¢ > 0, then Pik =1 - (1 -¢) is a solution.
In investigating the ratios ﬁik/ﬁik-1’ at least three questions arise:
- under what circumstances might these ratios be less than one (indica-
ting a more demanding mission requirement),
- what factors is the magnitude of ﬁik/ﬁik-l most sensitive to, and
- how might these ratios be easily approximated?
It seems reasonable that one's interest in ﬁik/ﬁik-1 is greatest when the ith
mission “class" is the same in both stages. Thus, it will be assumed that
'y = Ty-1 = '+ The assumption P(k) Pﬁ%ET) in COMMENT 3, below, corresponds

to the assumption that the kth overall non-contamination requirement is no

less demanding than that occurring at the (k-1)st stage.

v, p(k) 5 plkcl)

COMMENT 3. If r NC2 PN, and gy > g - me (=W )

k = Tk-1

with

e =3

r
EoMk

: i Wig-1» then

i 1

there is some j, 1 < j < r, for which ij < ij_1.

Since Pék) > P(kc]), equation (A3) may be rewritten
r N r w.
5 k 5 ik-1
m(1-P.) > (1-P, 1)
i=1 ik i=1 ik-1
so that

r . .
E L In(1 - Pik) 2 I Wil In(1 - Pik-l)'

i=1 i=1
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On the other hand, if ﬁik/ﬁik-]-i 1 for all i, 1 <1 < r, then
In (1 -P.) <In (7 - Pik-]) <0

for all i, so that

r - r
Iong In (1= Pyd e 2ongy In (1= Py )
i=] i=]
r ~
< 121w‘k 1 In (0 - P y)

comparing this with the above equation leads to the conclusion that

~

at least one of the Pik <Pt
This comment implies that the model given by equations (1) and (5) of
Section V when Pﬁk% = PékE]) has the property

P /Py < Vif W (/N <1,

The converse is also true so that:
CoMMENT 4. 1f r =1 and P{K) = plk-1) ¢nen

Pk/Pk—] > 1 if and only if wk-I/Nk > 1.

It should be remarked that unless each of the "classes" have as many newly
h

estimated missions at the kt stage as remained to be launched in the
(k-1)st, i.e., Nk 2 Wig-1» the conclusion in COMMENT 3 cannot necessarily
be drawn. For example, salving

W

) 21

- n - n - w -
(1-0)120-b,)%=0-8)" -5

12 22 21
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with Ny = w1] - 1 and n22 = w2] + 2 for

-~

P]2 and P22 so that Piz/Pi] > 1,

i = 1,2, is possible if 5]] >1 - (1 - 521)2. For, if this is the
case, and
P]2 = P]] (or P]2/P]] =1),
n W
A 22 _ - a 21
then (1 - P22) = (1 - P]])(l - P21)
so that
R n R
[(1 - PZZ)J 22 _ (1-°)
o A 2
(1= Py) (1= Py
Thus,
N 1/n
5 22
(- Pp) [0 - Py }
3 n 2
(V- Py L= B,
. P P
(1= Py) Py (1 -Py)
Therefore,

R R 1/n
p . (1-p.)] 2
22-1 {1.q- Pp) [?_____ll_J l

= —
Pa1 Py 1 -Py) I
But if P., > 1 - (1 - P..)°, then
nz )
(M-2071""22 (-5,
1 1

— <'————:——“§;51,
(1 - Pyy) (1 - Py)

so that,
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. T0-By) :
1= 0 -Py) = 2Py

Thus §22/§21 > 1 also, and we observe:

COMMENT 5. In the general model presented in equations (A1) and (A2)
[and equations (6) and (7) in Section V] it may be possible to increase
the total number of missions required at the kth stage and yet have

no more demanding mission requirements at that stage. In order to

do this one must decrease the number of missions of at least one "class".
The possibility of then obtaining no more demanding requirerments at the

kth stage depends upon the relative magnitudes of the P, _, at the (k-1)st

(k-1)

. (k)
stage and upon the magnitude of PN.C./PN.C.

The observation made in COMMENT 5 leads one to consider the possibility
of "optimally" selecting the Pik at the kth stage. Many possible criteria for
"optimality" exist. For example, one may (possibly) solve the mathematical

programming problem

r ~ -~
maximize izl (Pik/Pik—l)

subject to equation (A2) [or (7)] and the logical constraints

0 < Pik <l,i=1, ..., r.

Alternatively one might use the expression

r P,
minimize z - :le-
i=1 Pik-]

42



as an "optimality" criterion. Both of these admit solutions with ﬁik/ﬁik-1 <1,
even when such is not necessary. Thus, one might consider additional constraints

of the form
Pik/Pik'] _>_ ]’ .i € S(l

where Sa is an index set; a subset of {1,2,...,r} = Ir‘ When « = 1, for

example, S_ = I . Then S,, S , S.., may be the subsets of I, defined

37 7T Tt
by 1. - {3}, 3 =1,2, ..., r, and so forth.

Finally, if the cost associated with attaining a given value of ﬁik were
known, denoted ci(ﬁik), then one could (possibly) obtain a solution to
¢ (Pyy)

r
minimize g
]:

1

subject to equation (A2) [equation (7), Section V] and the logical constraints

The final comment to be made deals with approximate means of calculating
ﬁjk/ﬁjk—l' From the above discussion, it is evident that this ratio depends
upon the relative magnitudes of the ﬁik-]' It also depends upon the relative
magnitudes of the ﬁjk themselves, and thus calculations may be made only when
these are prescribed. Their prescription may, however, involve some "optimal"
solution, as discussed above, so that the following approximation may be useful

only in understanding the behavior of the model.
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COMMENT 6. If r=r =r ., P, <<, ﬁjk_] << 1, for all j, all of
]

the 5.., 1<i<r,j=k, k-1, are of approximately the same order,

ij
and

Pik = %k P1ke Pik-1 = %ik-1 Prk-pe then

(k) :

2 k I W, o

PJk %k Plz C. | j=1 k-1 Tik-1

o k-1 r

P “jk-11 P

Jk-1 l N.C iz} nik iy

_ nlk) k1) 1
. (1 PNC/ )
Pk 1(Magq) Iongp oy

i=1
Here, Wiy 1 = Miko1 = Mik-1» 38 before

The assumptions allow equation (A3) to be written in the approximate

form
r . Pék% r -
PoE ik P T o0y L ke Piger
N.C.
Thus,
A r P(k) r
PP By '(k 15 [ - Py 15 Y1 %kt
This may be solved, to yield
a.
5 i S LS
P1k/P1k-1» and then ij/ij-l S5kl B

1k-1

Finally, replacing ﬁlk-] by (]/“jk-])ﬁjk-] leads to equation (A4).
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There are several points of interest in equation (A4). When r = 1, as

in the model defined by equations (1) and (5) of Section V, the expression

reduces to:

(k) (k)

p p Y p

ke v g ( e, ) . (5)
k-1

P + - Vel
b o(k-T) 5 (k-1)
Pier P’ Mo P Px.C.

If it is further assumed that Pék% = P&ke]z this latter expression

(equation (A5)) reduces to approximation (8) of Section VI, namely

>

N - M
K . k-1 k-1
: A (A6)

In both equation (A4) and (A5) the possibility exists that the ratios

- - A A . ., . s . (k) ,p(k-1)
Pik/Pik-l or Pk/Pk-l will be very sensitive to variations in PN.C{PN.C.

whenever ﬁik-1<< 1 (equation (A4)) or ﬁk-] << 1 (equation (A5)). For example,

if one desires that ﬁk/ﬁk-l = 1, then, from (A5), when ﬁk—] <«< 1,

(k) - (1/P
Pr.c. . 1 (/R

p(k-1) _ b
Pr.c.. Wear/Ne - (7P )

(wk-]/Nk = ])

1 -

n

1-P (1= W /).

3

Thus, if P] = ]0_4, H]/Nz = 1/2, and Pﬁ!%. = 0.999 = 1 - 10 °, then in order that

a5




52 = 1074 also, one needs to choose Pé?%. = (1 -5x 10'5)(1 - 10'3) z 0.99895.
Such a slight decrease in overall program goals then allows one to maintain
the same mission requirements at the second stage. If Pﬁ?c. = Pé?%. = 0.999,
on the other hand, then from approximation (8),

- -4
Py = 0.5x 107,

In this section, some of the behavior of the more general model of Section V
has been examined. In particular, there exist two additional ways, in this
model, that one may avoid the difficulty of obtaining increasingly demanding
mission non-contamination requirements. These are:

- "optimal" solution of equation (A2) [or (7) of Section V] for the

ﬁik’ and
(k)

- very slight periodic decreases in PN.C. whenever they seem justifiable.
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